ABSTRACT Introduction: Severity of illness (SOI) measures are commonly used in adults for comparison of treatment and outcomes in similar populations. Less is known about the psychometric properties of measures available to providers and healthcare systems caring for pediatric patients. The purpose of this study was to (1) identify SOI measures used for pediatric patients admitted to acute care hospitals and (2) compare the ability of two SOI measures to predict mortality and length of stay (LOS). Methods: Twelve instruments were identified through literature search and one, the pediatric chronic complex condition (CCC), was retained. The CCC and the Charlson/Deyo comorbidity score were applied to an 8-year retrospective, multi-institutional data set using logistic and zero-truncated negative binomial regression models. Results: Records from 199,001 children were examined. The CCC performed better for predicting mortality (odds ratio 5 3.36; 95% confidence interval [CI]: 3.20-3.53) and LOS (incidence rate ratio 5 2.24; 95% CI: 2.22-2.26). Conclusions: The CCC may be preferable for predicting outcomes among pediatric inpatients. Pediatric SOI measures are not extensively developed and tested nor widely and freely available. The use of the CCC can predict mortality and LOS to guide care, resource allocation, and research for the pediatric population.
Introduction

Background
Rapid deterioration and improvements in physiologic condition are a hallmark of the pediatric population, with different stressor responses and fewer physiologic reserve pathways than those found in adult patients. [1] [2] [3] [4] Understanding the complex interplay of care processes and patient physiologic variables is imperative for optimal outcomes. Disentangling modifiable features of both provider performance and pediatric variables from those that are not modifiable may support efficient and effective allocation of resources. [2] [3] [4] [5] One such indicator is severity of illness (SOI), the "physiologic complexity comprising the extent and interactions of a patient's diseases presented to healthcare personnel."
2 Severity of illness measures are patient-centric, typically physiologic indicators that can guide resource allocation, not a measure of therapeutic interventions or treatments rendered.
Problem
Although SOI measures are commonly used in adults to allow quantification of patient variables, and in turn, allow comparison of treatment and outcomes in similar populations, less is known about the measures available to providers and healthcare systems caring for pediatric patients. 2 The development and testing of SOI tools is burgeoning in recent years; since the year 2000, more than 400 articles using SOI measures have been published, 25% of those since 2013. This reflects, in part, the increased focus on reducing unnecessary hospital admissions, length of stay (LOS), and costs associated with admissions and improving the safety and efficiency of outpatient and in-hospital care. Substantial heterogeneity in these measures exists, however, and this confounds the researcher and clinician to select the most appropriate tool. [5] [6] [7] ability of two SOI measures to predict mortality and LOS outcomes among pediatric inpatients using a retrospective, multi-institutional data set. The purpose of this manuscript is to inform healthcare quality professionals of measures available to quantify SOI in pediatrics, study findings related to mortality and LOS, and implications for practice.
Methods
Design
This is a literature review followed by a retrospective analysis of existing data from patients. This study addresses the research questions: (1) what SOI measures are available for use for pediatric patients admitted to acute care hospitals and (2) can SOI measures predict mortality and LOS outcomes among pediatric inpatients using a retrospective, multi-institutional data set?
Ethical Approvals
This study was approved by our organizations' institutional review board (AAK4050).
Sample and Setting
This is a retrospective analysis of data from patients aged ,18 years admitted to three hospitals in the New York City metropolitan area between 2006 and 2014.
Procedures
After institutional review board approval, electronically stored data were extracted from a clinical data warehouse for all hospitalized inpatients; the development of this database has been described elsewhere. 8 The database includes comprehensive information from a variety of sources: (1) International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis and procedure codes; (2) clinical records including medication and device use; (3) laboratory reports, and (4) administrative records including demographics of age, sex, admission and discharge dates, and previous hospitalizations within the system. Length of stay was defined as number of days from admission to discharge date, and morbidity was defined as all cause, same stay.
Data Analysis
The association between indices and in-hospital mortality using separate logistic regression models for each measure was assessed. To evaluate performance of the SOI measures, C-statistics and associated 95% confidence intervals (CIs) were conducted. The C-statistic, sometimes called the "concordance" statistic or C-index, is a measure of goodness of fit for binary outcomes in a logistic regression model, such as these data, and was calculated to assess the absolute fit of the models. It is comparable with the area under the receiver operating characteristic curve and ranges from 0.5 to 1. A C-statistic value of 0.5 means that the model is no better at predicting an outcome than random chance, and a value of 1 means that the model perfectly predicts those group members who will experience an outcome and those who will not. Models are typically considered good when the C-statistic is higher than 0.7 and strong when it exceeds 0.8. Zero-truncated negative binomial regression was used to assess the association between each SOI measure and hospital LOS. This method is used to model count data for which the value zero cannot occur and when there is evidence of over dispersion. Two separate zero-truncated negative binomial regression models were fitted: one for LOS and one for mortality.
We also sought to provide an absolute measure of model fit for count data. Several pseudo R 2 have been developed for that purpose. 10 We calculated the adjusted McFadden pseudo R 2 (r 2 ), which is conceptually similar to the traditional R 2 measure in ordinary least square (OLS) regression. Pseudo R 2 is appropriate for count data and can be interpreted like R 2 , but its value is considerably lower than that of the R 2 index. 10 Odds ratios (ORs) and associated 95% CIs from logistic regression model and incidence rate ratio (IRR) and associated 95% CIs from zero-truncated negative binomial regression were reported to assess the strength and direction of the effects of each SOI tool on both outcome measures. The OR is the exponential of the regression coefficient from logistic regression models. In the zero-truncated negative binomial regression model, the outcome measure LOS is treated as a count data, and thus, the exponential of the regression coefficient of the loglinear model is called the IRR. All statistical analyses were performed using SAS version 9.3.
10,11
Results
Demographics
Our data set included records from 199,001 children, of whom 104,425 (52%) were male and 94, 576 (48%) were female. The mean age was 2.8 years (range 0-17 years). Average LOS was 6.35 days (range 2-395 days), and 1,134 (0.6%) died while hospitalized.
Findings
Selection of Comparator Severity of Illness Indices
To address the first research question "what SOI measures are available for use for pediatric patients admitted to acute care hospitals," we searched of three databases (CINAHL, PubMed, and Ebmase) and Google Scholar for English language, peer-reviewed journal articles published between 2006 and 2016 using the search terms: "pediatrics," "inpatient" "hospital," "acute care," "measures," "severity scores," "severity of illness," and "severity index." Titles and abstracts were scanned for identification of SOI measures. Measures were excluded if they are related to pediatric early warning system or "trigger tools." Although there is some conceptual overlap, early warning system and trigger tools are designed primarily to screen for clinical deterioration and response, and SOI measures are generally used for research and administrative purposes, not as a guide for clinical management. 5, 7, 12, 13 In addition, measures were excluded if they were disease-or condition-specific (e.g., sickle cell, pediatric inflammatory bowel disease, multiorgan failure, and trauma), related to behavioral or psychological health, or limited to neonates.
To select the most appropriate SOI measures associated with mortality and LOS in the pediatric population, the following characteristics of studies were summarized: the purpose of the tool, its dimensions and items, psychometric properties, and the study setting and sample. Twelve tools were identified and assessed; measure and study characteristics are shown in Table 1 . 2, 5, [14] [15] [16] [17] [18] [19] [20] Severity of illness measures were included for further analysis if they were publically available, not proprietary, available free of charge, and included variables that would be readily available using electronically collected hospital data.
Of the 12 measures identified, the pediatric chronic complex condition (CCC) used variables that are commonly available in most medical records and was available at no cost. Because of these characteristics, we considered the CCC to have the greatest potential for generalizability and broader availability, and for that reason, we selected the CCC for further analysis. For data analysis, this measure was compared with a commonly used measure of mortality and SOI in adults the Charlson/Deyo comorbidity score (CCI). This tool was selected because it is commonly applied in children although not validated in pediatrics. Both the CCC and the CCI are composed of the ICD-9-CM categories and codes as shown in Table 2 .
3, 21 The range of scores for the CCC is 0-9 and for the CCI is 0-33. Each tool has been widely used, extensively tested, and demonstrated sufficient psychometric properties. [22] [23] [24] [25] [26] [27] We then applied the selected measures to our data to examine model fit and predictive capabilities.
Secondary Analyses
Findings addressing the second research question "can SOI measures predict mortality and LOS outcomes among pediatric inpatients using a retrospective, multi-institutional data set?" are shown in Tables 3  and 4 . Table 3 presents parameter estimates and model fit for the two binary logistic regression models assessing the relationship between each of the SOI measures and hospital mortality. Mortality was positively associated with CCC (OR 5 3.36; 95% CI: 3.20-3.53): with one unit increase in the CCC score, the odds of mortality tripled. The mortality was also positively associated with CCI score (OR 5 1.48; 95% CI: 1.44-1.51): with one unit increase in the CCI score, the odds of mortality increased about 50%. The CCC outperformed the CCI score, with the higher Cstatistics (0.80 vs. 0.67). According to McFadden (1973) , CCC is a strong predictor of mortality and CCI is a moderate predictor of mortality. Table 4 presents parameter estimates and model performance from zero-truncated negative binomial regression models assessing the relationship between hospital LOS and each SOI measure. Length of stay is positively associated with CCC (IRR 5 2.24; 95% CI: 2.22-2.26): with one unit increase in the CCC score, the LOS doubled. Length of stay is also positively associated with the CCI (IRR 5 1.26; 95% CI: 1.25-1.27): with one unit increase in the CCI score, the LOS increased about a quarter. The CCC was superior to the CCI score in predicting hospital LOS based on higher McFadden pseudo R 2 (5% vs. 0.5%). According to McFadden, 28 pseudo R 2 values of 5% and 0.5% are about equivalent to 10% and 1% R 2 values in OLS linear regression. This indicates that CCI is a weak predictor of pediatric inpatients' LOS, which explained approximately 1% of variance of LOS in OLS regression, whereas CCC is a better predictor by explaining approximately 10% of variance of LOS in OLS linear regression.
Limitations
As a secondary analysis of existing data, this study has inherent limitations. The quality of the data is subject 
Discussion
Although we identified numerous severity measures for pediatric patients admitted to acute care hospitals, many were early warning or trigger tools used to rapidly identify and guide clinical care of deteriorating patients or were condition-specific. Twelve SOI tools were identified as conceptually congruent with our SOI definition. Each tool assessed has a clear purpose, is psychometrically sound, and a few, such as the Pediatric Risk of Mortality and Pediatric Risk of Admission, are extensively used in the literature. [17] [18] [19] However, to enhance the potential for external validity, we selected for analysis and comparison two tools that used only data readily available electronically within most organizations and freely available and accessible (i.e., not proprietary nor available only with a fee). To meet our second aim, comparing predictive capabilities of selected measures on mortality and LOS outcomes among pediatric inpatients using a retrospective, multi-institutional data set, we selected another known measure, the CCI. The CCI is one of the most commonly used comorbidity measures that is based on physiologic measures and employs ICD coding and such is readily available at most hospitals. To our knowledge, this is the first such comparison using this measure in the pediatric population.
Applying both these measures to our data validated the use of the tools with external data, that is, we did not build the model by identifying the best variables to select. The CCC demonstrated better predictive ability of mortality and LOS than the CCI. According to McFadden, 9 pseudo R 2 as 5% and 0.5% are approximately 10% and 1% as R 2 in OLS linear regression, respectively. The CCC, or number of chronic complex conditions, is a better predictor of LOS with R 2 equivalent to 10% in OLS linear regression compared with the CCI with R 2 equivalent to 1% in OLS linear regression. In examining the crosswalk of ICD-9 codes used in each measure (Table 2) , while major condition categories are identical, subconditions differ in subtle but important ways. For example, the CCC includes codes in the respiratory and neuromuscular categories that will detect cystic fibrosis, respiratory malformations, and neuromuscular conditions found in pediatric patients, such as muscular dystrophy, brain and spinal cord malformations, and cerebral palsy; these are not included in the CCI and, therefore, these conditions were not detected by the CCI.
Conclusions
Pediatric SOI measures are not extensively developed and tested nor widely and freely available. This study identified SOI tools that are accessible and can be used with existing data for classification of pediatric patients. Two measures, the CCC and the CCI, demonstrated external validity when applied to our data in predicting LOS and mortality, but the CCC was a better predictor of LOS and mortality for pediatrics admitted to three hospitals over an 8-year period. These study findings provide healthcare quality professionals with additional evidence and tools to examine SOI in inpatient pediatric populations and guide the provision of targeted services to reduce pediatric mortality and LOS.
Implications
The validation of the CCC in this pediatric population is important for several reasons. In the past decade, there has been a steady increase in the number and complexity of children with chronic, complex medical conditions. 13, 14 Some estimates are as high as 11 million in the United States. 27, 29 Increasingly, healthcare quality professionals and administrators need to have the tools and knowledge to advocate for this vulnerable population. Healthcare quality professionals can use the CCC to predict mortality and LOS, both important quality of care indicators, and in turn, direct care, education, and resource allocation for the pediatric population in acute care settings.
Severity of illness measures that are sensitive to pediatric characteristics are also needed in health services research to examine effects of demographics, processes of care, and organizational capabilities, such as pediatric hospital designation, on survival and related outcomes. 6 For example, use of the CCC tool can allow for benchmarking to establish comparative standards for performance of provider groups within a healthcare system or across multiple systems. The healthcare quality professional can use these data analytics to identify issues, areas of opportunity, and track and trend performance over time to guide interventions. Findings from this study, and future research using these measures, can inform healthcare policy internally and externally. For example, policies can be developed to guide resource allocation, requisite therapeutic interventions, and guide administrators developing policy to support the provision of safe, effective models of care delivery. In summary, findings from this study have important practice, policy, and research implications for healthcare quality professionals.
